Abstract. The presence of salt-and-pepper noise in speckle image prevents the precise measurement of deformation and displacement fields in the traditional digital image correlation (DIC) technique. Spearman's rho (SR) has been introduced as a kernel correlation function in the DIC. The robustness of SR is quantitatively analyzed in following two cases: one is speckle images contaminated by same distribution salt-and-pepper noise, and the other is contaminated by random distribution noise. Theoretical and simulation results suggest that the DIC using SR is robust to about 10% salt-and-pepper noise. SR is suitable for measurement deformation and displacement fields.
Introduction
The digital image correlation (DIC) technique, proposed by Yamaguchi [1] and Peters [2] in the 1980s, is often used for measurement of deformation and displacement fields. It is a non-contact, full-field, and high precision measurement technique.
During the acquisition and transmission of a digital image, various types of noise occur from the effects of the shooting environment and/or image sensor. For example, thermal noise is caused by the thermal agitation of the charge carriers; fixed-pattern noise is caused by the difference between photosensitive diodes; salt-and-pepper noise is caused by a strong interference or failure of analog-to-digital converters [3] , etc. Pan proposed Gaussian pre-filtering [4] and Savitzky-Golay filter [5] . Sutton used a combination of a generalized cross-validation and a finite element algorithm [6] . Sun determined the size using subset entropy [7] . Yao proposed a wavelet analysis technique for denoising in DIC [8] .
Salt-and-pepper noise is a common type of noise in digital images [9, 10] . Even a single this kind of noise will lead to serious error in traditional DIC applications. The Spearman's rho correlation [11] [12] [13] , proposed as another DIC criterion [14] , is robust to salt-and-pepper noise. In this manuscript, we focus on its robustness in DIC.
Theory

Spearman's rho correlation
Let {(Ai,Bi)}n i=1 denote n independent and identically distributed (i.i.d.) data pairs drawn from a bivariate population with continuous joint distribution. Let Pi be the rank of Ai and Qi be the rank of Bi, the SR correlation coefficient CSR is defined as [15] :
A pair of reference and target speckle images is regarded as a bivariate Gaussian model. The parent of {(A,B)} (i.i.d.) is a bivariate Gaussian distribution, whose density function is
 is the correlation coefficient between A and B; μA and μB are the gray means, ϭ2 A and ϭ2 B are the gray variances of image A and B respectively.
The above bivariate Gaussian model can be expressed as: 2 2 ( , ) ( , , , , )
When the two speckle images are contaminated by salt-and-pepper noise with a huge variance, the following contaminated Gaussian model can represent the probability density function of the two contaminated speckle images [11] :
where 0 ≤ ε ≤ 1, λA >> 1, λB >> 1, -1 ≤  ≤1, and -1 ≤  ' ≤ 1.  is the population correlation coefficient of the two "clear" speckle images, and  ' is the population correlation coefficient of the salt-and-pepper noise in the two speckle images.
Robustness analysis to salt-and-pepper noise
When ε is sufficiently small, the approximate mean of the SR correlation coefficient can be defined as [12] :
The approximate mean of CSR between the reference contaminated speckle image and the target contaminated speckle image is composed of  and ' , as n→∞, λA→∞, and λB→∞.
To guarantee the two contaminated speckle images are still highly correlated, we propose that the correlation coefficient should be mainly decided by  in DIC. (1 3 ) sin 0 2
In an extreme case where the two speckle images are contaminated by same distribution salt-and-pepper noise '=1, then
We have 0 ≤ ε ≤ 0.1467. That is, the SR correlation coefficient between the reference and the target speckle image is mainly decided by , when 0 ≤ ε ≤ 0.1467, '=1,  ≥ 0.8, and n→∞.
Similarly, when the two speckle images are contaminated by random distribution salt-and-pepper noise, assuming '=0.5, we can obtain 0 ≤ ε ≤ 0.2341.
Simulation
Simulation schemes
There are two simulation groups conducted. The first one involves testing for  '=1, when the two speckle images are contaminated by same distribution salt-and-pepper noise. In the other, the two speckle images are contaminated by same density but random distribution salt-and-pepper noise('≠1). Figure 1 shows the reference and target speckle images, contaminated by 6% random distribution salt-and-pepper noise, and the simulated displacement vector field. 
Simulation result and analysis
Contaminated by same distribution salt-and-pepper noise
Figure 2(a) shows the mean of the EVM(Error Vector Magnitude) using SR when the reference and the target speckle images are contaminated by same density and same distribution salt-and-pepper noise (2%-40%) for various sub-block sizes (31×31 to 61×61). The population correlation of salt-and-pepper noise ' is 1. The Figure 2 (b-e) are the displacement vector fields.
As shown in Figure 2 (a), the mean of the EVM is mainly decided by the noise density, and is almost consistent for different sub-block sizes with the exception of the 31×31 sub-block. It maintains less than two pixels when the density is less than 12%. The mean of the EVM shows a rapid increase as the density moves from 14% to 28%. It stays at approximately 12 pixels when the density is greater than 28%, regardless of the size of the sub-block.
From Equations (6) (7) (8) in Section 2, if the density is less than 14.67%, the result is decided by the "clear" speckle images, when  '=1, and the size of the sub-block is infinite. However, the size of sub-block is a finite value, in fact. As shown in Figure 2(a) , the mean of EVM is about one pixel when the density is less 10% and the size of the sub-block is larger than 35×35. The effects of the displacement vector fields are very good in Figure 2 (b) and Figure 2(c) , when the noise is less than 10% and the sub-block size is 51×51. If the density is between 14% and 28%, the result is decided by the "clear" speckle images and the salt-and-pepper noise. The mean gradually increase as shown in Figure 2(a) , but the displacement vector fields is disorderly, as in Figure 2(d) .
Moreover, if the density is greater than 33.33%, the result will be decided by the salt-and-pepper noise, as in the right part of Figure 2(a) . When the density is larger than 32%, the result will maintain the same value, because ', the population correlation coefficient of the salt-and-pepper noise in the two speckle images is 1. All the displacement vectors will point to themselves, as shown in Figure  2 (e). Figure 3 show the results of the second simulation group using SR. Figure 3(a) shows the mean of the SR correlation coefficient, which monotonically decreases as the noise density increases. Figure 3(b) shows the mean of the EVM when speckle images are contaminated by same density (2%-32%) but random distribution noise for various sub-block sizes (31×31 to 61×61). The sub-graph represents the results for 31×31 and 35×35 sub-block sizes.
Contaminated by random distribution salt-and-pepper noise
As shown in Equation (6) and Figure 3 (a), the population correlation of "clear" speckle images is about 0.98, ignoring the effect of 2% noise. We can also easily find that the population correlation ' of random distribution salt-and-pepper noise is approximately 0.45-0.5. To make sure the result is decided by the "clear" speckle images, the tolerable density of SR is less than 23.41% in theory, if the size of sub-block is infinite. The mean of the EVM is larger when the sub-block size is 31×31 or 35×35, sometimes up to approximately 100 pixels in Figure 3(b) . There are two peak values when the size is 41×41, and one peak value at 45×45. It is more stable when the sub-block size is 51×51, particularly when the sub-block size is 55×55 or 61×61. The mean of the EVM is less than one pixel when the density is less than 20% and the size is larger than 51×51.
Conclusion
Analyzing the mean characteristic of SR used in DIC shows that, the SR can do well with less than 14.67% same distribution salt-and-pepper noise or less than 23.41% random distribution noise. Because SR is based on the rank, it is little affected by spike noise. Less than 10% noise will be better for high accuracy and avoiding extreme cases. Based on the adaptable noise density, a sub-block size larger than 51×51 is recommended in this manuscript (speckle radius: 3-6 pixels).
